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MESOPOROUS MATERIA! AND USE THEREOF FOR THE 
SELECTIVE OXIDATION OF ORGANIC COMPOUNDS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application is a continuation in part of 
U.S. application Serial No. 09/995,227 filed November 27, 

2001 and incorporated by reference herein, which is a 

continuation in part of U.S. application Serial No. 

09/390,276 filed September 7, 1999, now issued as U.S. 

Patent No. 6,358,486 Bl, to. which priority is claimed. 

BACKGROUND 

1 . Fi eld of the I nvention 

The present invention relates to a mesoporous material, 
particularly a catalytic material, and use of the mesoporous 
material for the selective oxidation of organic compounds, 
particularly hydrocarbons. 

2. Rar.karoupH nf the Prior Art 

Various processes and catalysts are known for the 
selective oxidation of organic compounds. For example, U.S. 
Patent No. 5,948,683 (Koermer et al.) discloses a catalytic 
material for the selective oxidation of unsaturated 
hydrocarbons in the presence of carbon monoxide. The 
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catalytic material includes a phosphated ceria made by 
mixing ceria particles with a solution of phosphates, and 
then calcining the particles after separation from the 
solution. 

U.S. Patent No. 5,811,599 (Alive et al . ) discloses a 
process for the oxidation of hydrocarbons using an aqueous 
solution of hydrogen peroxide in the presence of a titanium 
silicate catalyst. 

U.S. Patent No. 5,707,917 (Geus et al.) discloses a 
catalyst for the selective oxidation of hydrocarbons which 
comprises a support based on one or more metal" oxides and 
vanadium-phosphorus oxide dispersed over the surface of the 
support. The process comprises an oxidation and reduction 
phase. The hydrocarbon is contacted with the catalyst in 
the reduction phase and in oxidized or non-oxidized form is 
adsorbed onto the catalyst. The loaded catalyst is then 
brought into the oxidation phase wherein the desired product 
is formed in the presence of gaseous oxygen and subsequently 
separated . 

There is yet need for an improved process and catalyst 
for the selective oxidation of hydrocarbons and other 
organic compounds. 
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SUMMARY OF THE INVENTION 

A material is provided herein which comprises a non- 
crystalline, porous inorganic .oxide having at least 97 
volume percent mesopores based on micropores, and mesopores, 
and at least one catalytically active metal selected from 
the group consisting of one or more transition metal and one 
or more noble metal. Also provided herein are a method for 
making the material and use of the material as a catalyst 

for the selective oxidation of organic compounds. 

The process and catalyst herein provide for the 

selective oxidation of hydrocarbons and other organic 

compounds with very high selectivity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various embodiments are described below with reference 
to the drawings wherein: 

FIG. lA is a plot showing the X-ray diffraction pattern 
of the catalyst material of Example 1; 

FIG. IB is a transmission electron microscopy image of 
the catalytic material of Example 1; 

FIG. 2 graphically presents pore volume and pore size 
data pertaining to the catalytic material of Example 1; 
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FIG. 3 is a graph showing the X-ray diffraction 
patterns of the catalyst materials of Examples 4, 5, 6 and 
7; and, 

FIG. 4 is a gr^ph showing the X-ray diffraction pattern 
of the catalyst material of Example 8 . 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENT ( S ) 

The catalyst of the present invention includes a three- 
dimensional, stable, porous inorganic oxide material that is 
substantially mesoporous in structure. The material 
possesses a non-crystalline, ^but regularized (pseudo- 
crystalline) structure. Mesoporous materials are described 
in U.S. Patent No. 6,358,486 Bl, which is herein 
incorporated by reference in its entirety. The catalyst 
further includes one or more noble metal and/or one or more 
transition metal. 

The amorphous inorganic oxide material of the present 
invention generally contains both mesopores and micropores. 
Micropores are defined as pores having a diameter of less 
than about 2 nm. Mesopores are defined as pores having a 
diameter of from about 2 nm to about 50 nm. The inorganic 
oxide material of the present invention has a volume 
percentage of mesopores of at least about 97% and preferably 
at least about 98%. 
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A method for making a preferred porous silica- 
containing catalyst support is described in U.S. Patent No. 
6, 358, 486 Bl . The average mesopore size of the preferred 
catalyst as determined from Nj-porosimetry ranges from about 
2 nm to about 25 nm. Generally, the mesoporous inorganic 
oxide is prepared by heating a mixture of (1) a precursor of 
the inorganic oxide in water, and (2) an organic templating 
agent that mixes well with the oxide precursor or the oxide 
species generated from the precursor, and preferably forms 
hydrogen bonds with it. 

The starting material is generally an amorphous 
material and may be comprised of one or more inorganic 
oxides such as silicon oxide or aluminum oxide, with or 
without additional metal oxides. The silicon or aluminum 
atoms may be replaced in part by catalytically active 
transition metal atoms such as titanium, vanadium, copper, 
zirconium, manganese, zinc, chromium, molybdenum, tungsten, 
nickel, cobalt and iron and the like. The composition by 
weight of the transition metal is preferably up to about 
60%, more preferably from about 0.001% to about 20% based on 
the total weight of the catalyst. The additional metals may 
optionally be incorporated into the material prior to 
initiating the process for producing a structure that 
contains mesopores. For example, homogeneous synthesis 
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mixtures containing transition metal alkoxide, silicon or 
aluminum alkoxide (e.g., tetraethyl orthosilicate ^^TEOS'', or 
aluminiom isopropoxide) , and organic templating agent can be 
prepared. The synthesis mixture can then be aged, dried, 
and calcined to produce a mesoporous structure. Drying of 
the synthesis mixture can be performed by heating the 
synthesis mixture to a drying temperature of from about 5CC 
to about 150°C, preferably 60°C to about 120^C, for a period 
of time sufficient to drive off the water and/or volatile 
organic liquids . Calcining of the dried mixture can be 
performed by heating the dried mixture to a calcining 
temperature of from about 300°C to about 1,000^C, preferably 
from about 400''C to about 700°C, for a period of time 
sufficient to form the mesoporous structure. Calcining 
times typically range from about 2 hours to about 4 0 hours, 
depending, at least in part, on the calcining temperature. 

After heating to remove water and/or volatile organic 
compounds and before calcining, there is an optional step of 
heating the dried mixture in a container at a temperature of 
from about ISO'^C to about 200^C for a period of time of from 
about 2 hours to about 96 hours. This step can be used to 
manipulate the mesopore size, surface area and pore volume 
of the final composition. 

-6- 
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Also, after preparation of the material, cations in the 
system may optionally be replaced with other ions such as 
those of an alkali metal (e.g.-, sodixjm, . potassium, lithium, 
etc. ) . 

The organic mesopore-f orming templating agent is 
preferably a glycol (a compound that includes two or more 
hydroxyl groups) , such as glycerol, diethylene glycol, 
triethylene glycol, tetraethylene glycol, propylene glycol, 
and the like, or member (s) of the group consisting of 
triethanolamine, sulfolane, tetraethylene pentamine and 
diethylglycol dibenzoate. Preferably, the templating agent 
has a boiling point of at least about 150°C. 

The mesoporous catalyst support is a pseudo-crystalline 
material (i.e. - no crystallinity is observed by presently 
available x-ray diffraction techniques) . The wall thickness 
of the mesopores is preferably from about 3 nm to about 25 
nm. The surface area of the catalyst support as determined 
by BET (N2) preferably ranges from about 400 m'/g to about 
1200 mVg. The catalyst pore volume preferably ranges from 
about 0.3 cmVg to about. 2.2 cmVg. 

During mixing, the appropriately selected active metal 
forms complexes with the templates (e.g., triethanolamine, 
or "TEA") . After drying the complexes together with free 
organic compound (such as TEA) act as a templating agent foi 
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the mesopores. Next, during calcining, the complexes 
decompose; and any organic species are removed. 
Consequently, transition metals homogeneously coat the 
internal surfaces of the mesopores. Depending on the 
loading of the transition metals, the coordination states' of 
these transition metals can be controlled. Most of the 
active sites are easily accessible because they are 
preferentially enriched on the mesopore surfaces. In 
addition, the three-dimensional mesopore system also 
facilitates intraparticle mass transfer. 

The inorganic oxide support, with or without transition 
metal, can be further, modified by incorporation therein of a 
catalytically effective amount of one or more noble metals 
such as gold (Au) , silver- (Ag) , platinum (Pt), palladium- 
(Pd) , iridium (Ir) , rhodium (Rh) , ruthenium (Ru) , rhenium 
(Re) or osmium (Os) . These noble metals can form nano-sized 
particles having a diameter of 10 nm or less in the 
mesopores. The percentage by weight of the noble metal can 
range up to about 60%, preferably from about 0.1% to about 
40%, based on the total catalyst weight. 

The noble metal can be incorporated into the inorganic 
mesoporous oxide by any suitable method such as ion exchange 
or by impregnating the inorganic oxide with a solution of a 
soluble, decomposable compound of the noble metal, then 
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washing, drying, and subjecting the impregnated inorganic 
oxide to a process such as calcining to decompose the noble 
metal compound, thereby producing an activated catalyst 
having free noble metal in the pores of the inorganic oxide. 
Suitable noble metal compounds include salts such as 
nitrates, chlorides, ammonium complexes, and the like. 

Washing of the noble metal impregnated inorganic oxide 
catalyst is optionally performed with water to remove some 
anions. Drying of the catalyst to remove water and/or other 
volatile compounds can be. accomplished by heating the 
catalyst to a drying temperature of from about 50°C to about 
190°C. Calcining to activate the catalyst can be performed 
at a temperature of from about 150*^0 to about eOO^'C for a 
sufficient period of time. Generally, calcining can be. 
performed for 2 to 40 hours depending, at least in part, on 
the calcining temperature. 

The resulting catalyst can be employed in selective 
oxidation processes such as described below: 

A) Epoxidation of alkenes to produce epoxides. 
Suitable alkenes include C2 to C20 unsaturated hydrocarbon 
compounds such as, for example, ethylene, propylene, the 
butenes (1-butene, 2-butene, isobutylene) butadiene, the 
pentenes, linear or branched chain hexene, 1-octene, 
cyclohexene, and the like. Oxidizing agents can include 
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oxygen, oxygen-containing gas, hydrogen peroxide (H;0;) , 
nitrogen oxides, organic hydroperoxides, organic peracids, 
and the like. Epoxidation is .typically carried out at a 
temperature of from about 30" to about 300'*C, preferably 
50°C to about ZSCC, a pressure of from about atmospheric to 
about 40 bars, and a space velocity of from about 10 WHSV to 
about 2000 WHSV. The reaction can be carried out in the gas 
phase, liquid phase, or mixed (gas/liquid) phase. 

B) Partial oxidation of alkanes to produce ketonic or 
alcoholic derivatives. Suitable alkanes include propane, 
butane, pentane, cyclohexane, and the like. Suitable 
oxidizing agents can include oxygen, oxygen-containing gas, 
hydrogen peroxide, nitrogen oxides, organic hydroperoxides, 
and organic per-acids . Partial oxidation of alkanes to 
ketones is typically carried out at a temperature of from 
about 0°C to about 200°C, a pressure of from about 1 bar to 
about 30 bars, and a space WHSV velocity of from about 100 
hr^^ to about 100,000 hr'^. Alcohol production normally is 
carried out at a temperature of from about 60 °C to about 
450° under a pressure of up to about 60 bars. The reaction 
can be carried out in the gas • phase, liquid phase, or mixed 
phases . 

C) Partial oxidation of alcohols. Suitable alcohols 
include, for example, benzyl alcohol, phenylethanol, phenol, 
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and cinnamyl alcohol. Suitable oxidizing agents can include 
oxygen, oxygen-containing gas, hydrogen peroxide, nitrogen 
oxides, organic hydroperoxides, and organic per-acids . For 
example, benzaldehyde can be obtained by partial oxidation . 
of benzyl alcohol using a catalyst of the present disclosure 
containing, e.g., copper (Cu) , at about 300°C to about SOO^C 
and under a pressure up to about 20 bars. 

D) Hydroxylation of aromatic compounds to add hydroxyl 
group (s) to the aromatic ring structure. Said aromatic 
compounds preferably include benzene and toluene, although 
other aromatic compounds can also be used. Suitable 
oxidizing agents can include oxygen, oxygen containing gas, 
hydrogen peroxide, nitrogen oxides, organic hydroperoxides, 
and organic per-acids. Benzene oxidized into phenol and 
toluene into cresols can be conducted at a temperature from 
25**C to 500°C and up to a pressure of 65 bars. The process 
also can be carried out in a distillation column reactor at 
a temperature in the range of from above 100°C to 21Q°C and 
a benzene partial pressure in the range of from about 0.1 
atm to about 45 atm. 

E) Ammoximation of ketones with ammonia (NH3) and 
hydrogen peroxide or nitrogen oxide to produce corresponding 
oximes. Suitable, ketones include, for example, acetone, . 
methylethyl ketone {MEK) , acetophenone, cvclohexanone. 
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cyclododecanone, and the like. Reaction conditions 
typically include a temperature of from about 25*^0 to about 
150°C, preferably 40°C to about IZCC, and a pressure of 
from about 1 to 10 atmospheres, . preferably 1 to 5 
atmospheres.. 

Various features of the invention are illustrated by 
the Examples given below. X-ray powder diffraction patterns 
(XRD)of the resulting materials were recorded using CuK^ 
radiation on a Philips PW 1840 dif f ractometer equipped with 
a graphite monochromator The samples were scanned in the 
range of 0.5-40"* 20 with steps of 0.02°. Transmission 
electron microscopy (TEM) was performed using a Philips 
C!yi30T electron microscope with a LaB6 filament as the source 
of electrons operated at 300 kV. -Nitrogen sorption 
isotherms were measured on the Qaantachrome Autosorb-6B at 
77 K. Mesoporosity was calculated using the BHJ model. All 
composition parts are by weight unless indicated otherwise. 

EXAMPLE 1 

A catalyst of the present invention containing titanium 
was prepared and tested in accordance with the following 
procedure. First, 1.1 parts of titanium (IV) n-butoxide was 
mixed with 35.0 partsof tetraethyl orthosilicate C'TEOS") . 
Then 25.3 parts of triethanolamine ' ("'TEA")^ were added drop- 
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wise into the above mixture while stirring. After stirring 
for 1 hour, 21.3 parts of deionized water was drop-wise 
added into the above mixture while stirring. After another 
1 hour of stirring, 17.3 parts of tetraethylammonium 
hydroxide ("TEAOH") (25%) was added drop-wise into the 
above-mixture. The final homogeneous mixture was aged at 
room temperature for 24 hours, dried at lOCC for 24 hours 
and then calcined at 700 °C for 10 hours in a ramp rate of 
l^C min"^ in air. 

The XRD pattern of the resulting material is shown in 
FIG. lA, and reveals only one intensive peak between 0.5° 
and -2.5° at about 1.0° in 26, indicating that the product 
was a meso-structured material. FIG. IB is a TEM image of 
the resulting material. FIG. IB shows that curved and 
tortuous pores are randomly connected to form a three- 
dimensional pore network. The BET surface area of the 
material as determined by nitrogen absorption was about 917 
mVg. Referring to FIG. 2, the average mesopore diameter of 
the material was 4.5 nm and the total pore volume was about 
0.8 9 cmVg. 

Next cyclohexene epoxidation was used as model reaction 
to demonstrate and quantify catalytic activity using tert- 
butyl hydroperoxide as an oxidant and was carried out at 
4 0°C under N,. The reaction mixture consisted of 1 part 
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catalyst, 9.6 parts cyclohexene (99%, dried using anhydrous 
MgS04 before use) and 13.2 parts dichloromethane (99%). 
Samples were analyzed by gas chromatography (WAX 52 CB) . 
After 6 hours, about 4 5.6% of the cyclohexene was converted 
with almost 100% selectivity. The turnover frequency 
(defined as moles cyclohexene converted per mole of titanium 
per hour) was 20,2 h"^. 

COMPARATIVE EXAMPLE A 
A titanium bearing catalyst not in accordance with the 
present invention, designated as Ti-MCM-41 was synthesized 
according to a procedure set forth in a previous report 
(L.Y. Chen, G.K. Chuah, S. Jaenicke, Catal. Lett. 50 (1998) 
107.) It had BET surface are of 93.4 mVg and an average 
pore diameter of about 3>. 3 nm. It was tested under the 
identical conditions as example "1, but it showed the 
turnover frequency of only 3,6 h"S which was less than 20% 
of the cyclohexene conversion achieved by the catalyst of 
Example !• 

■ EXAMPLE 2 

Nano-sized particles of gold were introduced into the 
catalyst prepared in Example 1, An aqueous solution, of. 
AuClr was prepared by adding 0-34 parts by weight of 
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HAuCl4^4H20 into 400 parts of H.O. This was heated to lO'^C, 
and its pH was adjusted using aqueous NaOH solution to about 
7.0. Then 2 parts of the catalyst of Example 1. were 
suspended .in the above solution, the pH- was . adjusted again . 
to 7-0. • The suspension was aged at 70''C for 1 hour, and 
washed 3 times with distilled water, dried at 100°C for 2 
hours, and finally calcined in air at 300°C for 4 hours. 

Vapor-phase epoxidation of propylene to propylene oxide 
was carried out in a vertical fixed-bed quartz reactor 
filled with catalyst. The reactant feed contained 10 vol . % 
each of C^H^r H, and Oo in Ar at a gaseous hourly space 
velocity (GHSV) of 10,000 h"^ ml g"^ of catalyst. The 
reaction temperature was kept at 120''C. The feed and 
products were analyzed by on-line gas chromatography (GC) . 
About 3.5% propylene was converted to propylene oxide with a 
selectivity of about 96%. 

EXAMPLE 3 . 

A siliceous material was synthesized according to the 
procedure of Example 1 of U.S. Patent No. 6,358,486 as 
follows: 

First, 1.3 parts -by weight aluminum isopropoxide v;as 
dissolved in 39.1 parts tetrapropylammonium hydrpxide (40%) 
aqueous solution. Next, 47.88 parts TEA (97%) and 14.0 
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parts water were mixed. The aqueous TEA mixture was added 
drop-wise (8-10 g/min) t..o the aluminum containing mixture 
under stirring. Finally, 33.1 parts TEOS (98%) was added 
drop-wise' (4-6 g/min) to the resulting mixture while 
stirring. The final mixture was aged at room temperature 
for 48 hours, spread out in a dish to form a layer that had 
a height of 1.0-1.2 cm and dried at lOO'^C. for 18 hours in a 
static air furnace. The resulting material was calcined in 
air using the following procedure: the material was heated 
to 500°C with a heating rate of l°C/min, then held for 4 
hours, then heated to SSCC with a heating rate of I'^C/min, 
then held for *10 hours. 

The resulting[ material was used to prepare a silver 
containing catalyst by the impregnation into the material of 
AgNOj aqueous solution. After being impregnated, the 
material was calcined at 250°C for 4 hours. The impregnated 
catalyst was analyzed using TCP and revealed about 30.5% of 
silver loading. 

The silver-containing catalyst was kept in a microflow 
reactor under atmospheric condition at 220 °C. The reactant 
stream contained 20 vol% ethylene, 40 vol% oxygen and 40 
vol% nitrogen. The total reactant stream GHSV was 4,500 
hr"^. The products were analyzed by gas chromatography. 
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Within an hour, the conversion of ethylene reached 19.8%, 
and the selectivity to ethylene oxide was about 29%. 

EXAMPLE 4 • 

1.7 Parts of titanium (IV)' n-butoxide (99%) was mixed 
with 106 parts of TEOS (98%) . Then a mixture of 77 parts 
TEA (97%) and 58 parts of deionized water were added drop- 
wise into the above mixture while stirring. After about 1 
hour stirring, 63 parts of TEAOH (25%) was added drop-wise 
to the mixture. The Si/Ti molar ratio of the synthesis 
mixture was 100. The final homogeneous mixture was aged at 
room temperature for 24 hours, dried at 98°C for 24 hours 
and then calcined at 650°C for 10 hours at a ramp rate of 
l°C/min in air. The XRD pattern of the material is shovm in 
FIG. 3. 

EXAMPLE 5 

The same procedure as in Example 4 was followed except 
that 3.4 parts by weight of titanium (IV) n-butoxide were 
used and the Si/Ti ratio - of the mixture was 50. The XRD 
pattern of the resulting material is shown in FIG. 3. 
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EXAMPLE 6 

The same procedure as in Example 4 was followed except 
that 8.6 parts of titanium (IV) n-butoxide were used, and 
the Si/Ti ratio was 20. The XRD pattern of the resulting 
material is shown in FIG, 3. 

EXAMPLE 7 

The same procedure as in Example 4 was followed except 
that 17.2 parts of titanium (IV) n-butoxide were used and 
the Si/Ti ratio was 10. .The XRD pattern of the resulting 
material is shown in FIG. 3. 

As can be seen from Examples 4-7, adding the 
appropriate amounts of titanium compound in the initial 
synthesis mixture can easily control the titanium loading of 
the catalyst material of the present invention. The XRD 
patterns of the resulting materials of Examples 4-7 indicate 
that these materials are mesoporous. 

EXAMPLE 8 

First, 1.2 parts (by weight) of chromium (III) 
acetylacetonate (97%) was mixed with 34.5 parts of TEOS 
(98%). Then 25 parts of TEA (97%) was added drop-wise into 
the above mixture while stirring: After stirring for 1 
hour, 18-8 parts of deionized water' was drop-wise added into 
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the above mixture while stirring. After another 1 hour of 
stirring, 20.5 parts of tetraethylammonium hydroxide (25%) 
was added drop-wise into the above mixture. The final 
homogeneous mixture was aged at room temperature for 24 
hours, dried at lOO'^C for 24 hours. The dried gel v/as 
heated in an autoclave at 180°C for 8 hours, and finally 
calcined at 650°C for 10 hours in a ramp rate of 1°C min"^ in 
air . 

FIG. 4 shows the XRD pattern of this material, 
presenting an intensive peak at around 1-3° in 26. Nitrogen 
adsorption reveals the surface area of 618 mVg, the pore 
volume of 0.67 cmVg and the average pore size diameter of 
5.5 nm. The data show that the chromium-containing material 
of this Example 8 is mesoporous in structure- This material 
was tested as a catalyst for cyclohexene epoxidation under 
identical conditions in Example 1. After six hours, about 
4 6% of the cyclohexene was converted with a selectivity of 
about 94% to cyclohexene epoxide. 

While the above description contains many 
specifics, these specifics should not be construed as 
limitations on the scope of the invention, but merely as 
exemplifications of preferred embodiments thereof. Those 
skilled in the art will envision many other possibilities 
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within the scope and spirit of the invention as defined by 
the claims appended' hereto . 
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WHAT IS CLAIMED IS : 

1. A material which comprises: 

a) a non-crystalline, porous inorganic oxide having at 
least 97 volume percent mesopbres based on micropores and 
mesopores, said mesopores being interconnected; and 

b) at least one catalytically active metal selected 
from the group, consisting .of one or more transition metal 
and one or more noble metal. 

2. The material of claim 1 wherein the transition metal 
is selected from the group consisting of titanium, vanadium, 
copper, zirconium, manganese, zinc, iron, nickel, cobalt, 
chromium, molybdenum and tungsten. 

3. The material of claim 1 wherein t\iB noble metal is 
selected from the group consisting of gold, silver, 
platinum, palladium, iridium, rhodium, ruthenium, rhenium 
and osmium. 

4. The material of claim 1 wherein the catalytically 
active metal is gold or silver. 

5. The material of claim 1 wherein the catalytically 
active metal is chromium. 
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6, The material of claim 1 wherein the catalytically 
active metal is titanium. 

'7. The material of claim 1 wherein the non-crystalline 
porous inorganic oxide is characterized by an X ray 
diffraction pattern having a 20 peak between O.S*' and 2.5**. 

8- The material of claim 1 wherein the non-crystalline 
porous inorganic oxide contains at least 98 volume percent 
mesopores . 

9. The material of claim 1 wherein the mesopores have a 
size ranging from about 2 nm to about 25 nm. 

10. The material of claim 1 wherein the inorganic oxide 
is silicon oxide. 

11. The material of claim 1 wherein the inorganic oxide 
is aluminum oxide. 

12. The material of claim 1 wherein the composition 
percentage by weight of the transition metal ranges up to 
about 60%. 
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13. The material of claim 1 wherein the composition by 
weight of the transition metal ranges from about 0.001% to 
about 20%. 

14. The material of claim 1 wherein the composition 
percentage by weight of the noble metal ranges up to about 
60%. 

15. The material of claim 1 wherein the composition 
percentage by weight of the noble metal ranges from about 
0.1% to about 40%. 

.16. A method for making a catalyst comprising the steps 

of: 

a) combining at least . one ' source of inorganic oxide and 
at least one mesopore forming agent and optionally one or 
more source of catalytically active transition metal to form 
a synthesis mixture; 

b) drying the synthesis mixture; 

c) heating the dried synthesis mixture to a calcining 
temperature for a period of time sufficient to form a non- 
crystalline support structure having at least 97 volume 
percent mesopores; and, - 
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d) incorporating at least one catalyticaily active 
noble metal and/or transition metal into the catalyst. 

17. The method of claim 16"v;herein the inorganic oxide 
is selected from the group consisting of aluminum oxide and 
silicon oxide. 

18. The method of claim 17 wherein the source of 
inorganic oxide is selected from the group consisting of 
silicon alkoxide and aluminum alkoxide. 

19. The method of claim 18 v/herein the silicon alkoxide 
is tetraethyl orthosilicate and the aluminum alkoxide is 
aluminum isopropoxide . 

20. The method of claim 16 v/herein the catalyticaily 
active transition metal is incorporated into the catalyst by 
combining, a compound containing the transition metal with 
the source of inorganic oxide in step (a) to form the 
synthesis mixture . 

21. The method of claim 16 v/herein the catalyticaily 
active transition metal is incorporated into the catalyst by 
incorporating a compound containing the transition metal 
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into the catalyst after step (c) of heating the dried 
synthesis mixture to a calcining temperature . 

22. The' method of claiia 16 wherein the transition metal 
is selected from the group consisting of titanium, vanadium, 
copper, zirconium, manganese, zinc, chromium, molybdenum, 
tungsten, nickel, cobalt and iron. 

23. The method of claim 20 wherein the compound 
containing the transition metal is an alkoxide of titanium. 

24. The method of claim 23 wherein the alkoxide of 
titanium is titanium n-butoxide. 

25. The method' of claim 16 wherein heating the dried 
synthesis mixture to a calcining temperature includes 
heating the dried synthesis mixture to a temperature of from 
about 120°C to about 200''C for a period of time of about 
from 2 hours to about 96 hours. 

26. The method of claim 16 wherein the' noble metal is 
selected from the group consisting of gold, silver, 
platinum, palladium, iridium, rhodium, . ruthenium, rhenium 
and osmium. 
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27. The method of claim 16 wherein the step (d) of 
incorporating at least one catalytically active noble metal 
or transition metal into the catalyst comprises impregnating 
the non-crystalline support structure with a solution of a 
soluble, decomposable compound of the noble metal and/or 
transition metal, and thereafter decomposing the noble metal 
compound and/or transition metal compound. 

28. The method of claim 27 wherein the step of 
decomposing the noble metal compound and/or transition metal 
compound comprises calcining the noble metal and/ or 
transition metal impregnated non-crystalline support at a 
temperature sufficient to decompose the noble metal compound 
and/or transition metal compound. 

29. The method of claim 28 i>7herein the noble metal is 
gold or silver. 

30. The method of claim 16 wherein the mesopore forming 
agent is selected from the group consisting of glycerol, 
diethylene glycol, triethylene glycol, tetraethylene glycol, 
propylene glycol, triethanolamine, sulfolane, tetraethylene 
pentamine and diethylglycol dibenzoate. 
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31. The method of claim 16 wherein the step (d) of 
incorporating at least one catalyticaily active noble metal 
and/or transition metal comprises incorporating both a 

.catalyticaily active noble metal and transition metal into 
the catalyst. 

32. A process for the selective oxidation of an organic 
compound comprising : 

contacting the organic compound with an oxidizing agent 
under partial oxidation reaction conditions in the presence 
of a catalyst which includes a non-crystalline, porous 
inorganic oxide . having at least 97 volume percent mesopores 
based on micropores and mesopores, and at least one 
catalyticaily active metal selected from the group 
consisting' of one or more transition metal and one or more 
noble metal. 

33. The process of claim 32 wherein the organic 
compound is an alkene and the selective oxidation process 
comprises epoxidation of the alkene to produce a 
corresponding epoxide - 

34. The process of claim. 33 wherein the alkene is 
selected from the group consisting 'of ethylene, propylene, 
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1-butene, 2-butene, isobutylene, butadiene, pentene, hexene, 
1-octene and cyclohexene, the oxidizing agent is selected 
from the group consisting of oxygen, oxygen-containing gas, 
hydrogen peroxide, nitrogen oxide; organic hydroperoxide and 
organic peracid, and the reaction conditions include a 
temperature of from about 50°C to about 250°C, a pressure of 
from about atmospheric pressure to about 60 bars, and a 
space velocity of from about 10 WHSV to about 2000 WHSV. 

35. The process of claim 32 wherein the catalytically 
active metal is selected froia the group consisting of 
titanium, chromium, vanadium, gold and silver. 

36. The process of claim 32 wherein the organic 
compound is an alkane and the selective oxidation process is 
the partial oxidation of the alkane to produce a 
corresponding ketone or alcohol. 

• 37. The process of claim 36 wherein the alkane is 
selected from the group consisting of propane, butane, 
pentane and cyclohexane, the oxidizing agent is selected 
from the group consisting of oxygen, oxygen-containing gas, 
hydrogen peroxide, nitrogen oxide, organic hydroperoxide and 
organic peracid, and the reaction conditions include a 
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temperature of from about O^'C to about 200°C, a pressure of 
from about 1 bar to about 30 bars, and a space velocity of 
from about 100 hr"^ to about 1000 hr"*- . 

38. The process of claim 32 wherein the organic 
compound is a ketone and the selective oxidation process is 
the ammoximation of the ketone to produce a corresponding 
oxime . 

39. The process of claim 38 wherein the ketone is 
selected from the group consisting of acetone, methylethyl 
ketone, acetophenone, cyclohexanone and cyclododecanone, the 
oxidizing agent is hydrogen peroxide or nitrogen oxide which 
is mixed with ammonia, and the reaction conditions include a 
temperature of from about 25*" to about ISO"", and a pressure 
of from about 1 atmosphere to about 10 atmospheres. 

40. The process of claim 32 wherein the organic 
compound is an aromatic compound and. the selective oxidation 
process is the hydroxylation of the aromatic compound to add 
at least one hydroxyl group to the aromatic ring structure. 

41. The process of claim 40 wherein said aromatic 

■ compound is selected from the group consisting of benzene 
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and toluene, and the oxidizing agent is selected from the 
group consisting of oxygen, oxygen-containing gas, hydrogen 
peroxide, nitrogen oxide, organic hydroperoxide and organic 
per^acid, and the reaction conditions include a temperature 
of from 125^'C to about 500°C and a pressure up to 65 bars. 

42. The process of claim 32 wherein the catalytically 
active transition metal is selected from the group 
consisting of titanium, vanadium and chromium. 

43. The process of claim 32 wherein the catalytically 
active noble metal is gold or silver. 



"30- 



BNSDOCID: <WO 2004026473A1_L> 



wo 2004/026473 



PCT/US2003/030009 



1/5 




FIG. 1A 



2004026473A1_I > 



SUBSTITUTE SHEET (RULE 26) 



wo 2004/026473 



PCT/US2003/030009 




2004026473A1 I > 



SUBSTITUTE SHEET (RULE 26) 



wo 2004/026473 PCT/US2003/030009 



J/5 



600 



q> 
o 



400 ' 



200 




Relative pressure (p/Pq) 



FIG. 2 



BNSDCXIID: <WO ^2004026473A1J_?- 



SUBSTITUTE SHEET (RULE 26) 



wo 2004/026473 



PCT/US2003/030009 



4/5 




BNSDOCID: <WO 2004026473A1_L> 



SUBSTITUTE SHEET (RULE 26) 



wo 2004/026473 



PCT/US2003/030009 




(s^unoo) X^isuBfu/ 



BNSDCX3 1 D; <WO 2004026473A 1 _L > 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 


In onal Application No 

PCT7US 03/30009 




A ci^ssiFicA-noMO^^^^^ B01J23/16 B01J23/70 C07D301/19 
C07D301/10 

According to International Patent Classification (tPC) or to both national classification and IPC ^ 


B. FIELDS SEARCHED ^ , 


"Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 C07D BOIJ C07C 


Documentation searched other than minimum documentation to the extent that such documents are mcluded in the fields searched , 


Electronic data base consulted during the international search (name of data base and. where practical, search terms used) 

WPI Data, EPO-Internal 


C. DOCUMENTS CONSIDERED TO BE RELEVANT ^ 




Category • 


Citation of document, with indication, where appropriate, of the relevant passages 


RalouAnt tn plairn No 
noit;voiii vj wiciiiii i^w. 


X 


WO 00 15551 A (UNIV DELFT TECH ;ABB LUMMUS 

GLOBAL INC (US)) 

23 March 2000 (2000-03-23) 

claim 19; examples 4,6 
page 17, paragraph 1ST 
page 11, paragraph 3RD 
page 7, last paragraph -page 8, paragraph 
1ST 

EP 0 985 636 A (DEGUSSA) 
15 March 2000 (2000-03-15) 

claims 1,2,11,12 
page 5, line 51-58 
page 6, line 19-22,34-44,51-53 
page 7, line 2-21; examples 

-/— 


1-11, 

16-22, 

25,26,30 

1,2,5,6, 
9-11,16, 
17, 

20-23, 
25,32 




tier documents are listed in the continuation of box C. [xj Patent family members are listed in annex. 




° Special categories of cited documents : ^ ^^^^^ document published after the international filing date 

or priority date and not in conflict with the application but 
"A" document defining the general state of the art which is not cited to understand the principle or theory underlying the 

considered to be of particular relevance invention 
•E" earlier document but published on or after the international -x" document of particular relevance; the claimed Invention 

filing date cannot be considered novel or cannot be considered to 
-L- document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone 

which is cited to establish the publication date of another •y* document of particular relevance; the claimed invention 

citation or other special reason (as specified) cannot be considered to involve an Inventive step when the 

^ in the arL 

'ratrtM'»«fJa^'m^^^^ filing date but ^^mber of the same paten, tami>y 




Date of the actual completion of the international search 

17 February 2004 


Date of mailing of the international search report 

02/03/2004 




Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patentlaan 2 
NL - 2280 HV Rijswijk 
Tel (+31-70) 340-2040, Tx, 31 651 epo nl, 
Fax: (+31-70) 340-3016 


Authorized officer 

Jourdan, A 





Form PCT/lSA/210 (second sheet) (July 1992) 



page 1 of 2 



BNSDOCID: <W0__2004026473A1J_> 



INTERNATIONAL SEARCH REPORT 



Inti ional Application No 

Pur/US 03/30009 



C.(Contmuation) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category " I Citation of document, with indication.where appropriate, of the relevant passages 



Relevant to claim No. 



Y 
X 



EP 1 134 189 A (DEGUSSA) 

19 September 2001 (2001-09-19) 



page 4, line 2-12,49-53 

page 7, line 5-14 

page 5, line 11-19,35-38 

page 6, line 30-37,41-55 



US 5 951 962 A (ROSER JOACHIM ET AL) 
14 September 1999 (1999-09-14) 



line 65 -column 2, line 50 
line 32 -column 8, line 12 
line 36-44 

line 57 -column 9, line 4 



P,X 



col umn 1 , 
column 7, 
column 8, 
column 8, 
figure 2 

WO 02 40402 A (CECA SA ;PLEE DOMINIQUE 
(FR)) 23 May 2002 (2002-05-23) 

page 6, line 2; claims 1-5,9; tables 1,2 
page 1, line 8,9 
page 4, line 16-29 

EP 0 814 058 A (DEGUSSA) 

29 December 1997 (1997-12-29) 
column 7, line 5-31 

US 6 309 998 Bl (HARTWELL GEORGE E ET AL) 

30 October 2001 (2001-10-30) 
the whole document 

US 2003/017943 Al (MASCHMEYER THOMAS ET 
AL) 23 January 2003 (2003-01-23) 
claims 1-43 



1,2,5,6, 
9-11,16. 
17, 

20-23, 
25,32, 
33,40 



34-39, 
41-43. 

1,2, 

7-10,32, 
33,40 



1,2,6,8, 

10,11, 

16,22 



34-39, 
41-43 



1-43 



1-43 



Fonn PCT/ISA/210 (continuation ol second sheet) (July 1992) 
BNSDOCID: <WO__2004026473A1 J_> 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

lormation on patent family members 



Int 



3nal Application No 

PC17US 03/30009 



Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 


wo 0015551 


A 


23-03-2000 


CD 

tr 


nQQ799n Al 
\)vO/Cc.\J Mi 


22-03-2000 






Al 1 

Au 




03-04-2000 












23-03-2000 








CM 


1335819 T 


13-02-2002 








EP 


1115656 Al 


18-07-2001 








JP 


2003525188 T 


AO 'iAAO 

26-08-2003 








NO 


20011239 A 


18-05-2001 








UO 


0015551 Al 


23-03-2000 








US 


6358486 81 


19-03-2002 



EP 


0985636 


A 


15- 


■03- 


■2000 


DE 


19841142 


Al 


23-03-2000 














DE 


59900420 


Dl 


20-12-2001 














EP 


0985636 


Al 


15-03-2000 














OP 


2000109312 


A 


18-04-2000 














TW 


486449 


B 


11-05-2002 


EP 


1134189 


A 


19- 


-09- 


-2001 


EP 


1134189 


Al 


19-09-2001 












AU 


5213701 


A 


24-09-2001 














WO 


0168527 


Al 


20-09-2001 


US 


5951962 


A 


14- 


-09- 


-1999 


DE 


19639016 


Al 


26-03-1998 












DE 


59705859 


Dl 


31-01-2002 














EP 


0831059 


Al 


25-03-1998 














JP 


10152316 


A 


09-06-1998 














TW 


412503 


B 


21-11-2000 


UO 


0240402 


A 


23- 


-05- 


-2002 


FR 


2816609 


Al 


17-05-2002 














AU 


1835602 


A 


27-05-2002 














CA 


2428734 


Al 


23-05-2002 














EP 


1334066 


Al 


13-08-2003 














WO 


0240402 


Al 


23-05-2002 



EP 0814058 



29-12-1997 



US 6309998 



Bl 



30-10-2001 



DE 


19624340 


Al 


08-01-1998 


BR 


9703631 


A 


10-11-1998 


CN 


1168860 


A ,B 


31-12-1997 


DE 


59700056 


Dl 


04-02-1999 


EP 


0814058 


Al 


29-12-1997 


ES 


2132984 


T3 


16-08-1999 


ID 


17360 


A 


24-12-1997 


OP 


3166904 




14-05-2001 


JP 


10095610 




14-04-1998 


SG 


52988 


Ai 


28-09-1998 


TW 


416866 


B 


01-01-2001 


US 


2001001656 


Al 


24-05-2001 


US 


5919430 


A 


06-07-1999 


US 


2001055562 


Al 


27-12-2001 


ZA 


9705388 


A 


05-01-1998 


US 


6031116 


A 


29-02-2000 


US 


2002052290 


Al 


02-05-2002 


AU 


711847 


82 


21-10-1999 


AU 


3511597 


A 


21-01-1998 


AU 


736456 


B2 


26-07-2001 


AU 


5905898 


A 


19-01-1999 


BR 


9710122 


A 


10-08-1999 


BR 


9714951 


A 


17-10-2000 


CN 


1268072 A .B 


27-09-2000 


DE 


69704869 


Dl 


21-06-2001 



Form PCT/ISA/210 (patent family annex) (July 1992) 



page 1 of 2 



BNSDOCID: <WO___2CX)4026473A1J_> 



INTERNATIONAL SEARCH REPORT 

(formation on patent family members 



IntE 3nal Application No 

PCi/US 03/30009 



Patent document 
cited in search report 



Publication 
date 



US 6309998 



Bl 



Patent family 
member(s) 



US 2003017943 Al 23-01-2003 



DE 
EP 
EP 
EP 
ID 
JP 
OP 
US 

wo 

us 
us 

AU 

AU 

AU 

AU 

BR 

BR 

CN 

CN 

CN 

DE 

DE 

DE 

DE 

EP 

EP 

ES 

ES 

ES 

JP 

JP 

KR 

KR 

KR 

RU 

WO 

WO 

WO 

US 



69704869 
1314473 
0918762 
1024895 
23423 
2000514428 
2002516591 
2002161250 
9900188 
2003144141 
6323351 
711962 
3586997 
712698 
3646497 
9710124 
9710995 
1446630 
1223644 
1226241 
69708880 
69708880 
69710472 
69710472 
0915861 
0917532 
2156391 
2164358 
2168653 
2001505184 
2000514429 
2000022388 
2000022553 
2000022554 
2189378 
9800413 
9800414 
9800415 
5965754 



T2 
A2 
Al 
Al 
A 
T 
T 
Al 
Al 
Al 
Bl 
B2 
A 
82 
A 
A 
A 
A 
A 
A 
Dl 
T2 
Dl 
T2 
Al 
Al 
13 
T3 
13 
T 
T 
A 
A 
A 

C2 
Al 
Al 
Al 
A 



,B 
,B 



US 2002074263 Al 

WO 03045548 Al 

US 2003188991 Al 

AU 3893900 A 

BR 0013787 A 

CA 2384090 Al 

CN 1387496 T 

EP 1214272 Al 

JP 2003508333 T 

WO 0117901 Al 



Publication 
date 



30- 08 
28-05 
02-06- 

09- 08- 

20- 04- 

31- 10- 
04-06- 
31-10- 

07- 01- 
31-07- 

27- 11- 

28- 10- 

21- 01- 
11-11- 
21-01- 

10- 08- 
14-03- 

08- 10- 
21-07- 

18- 08- 
17-01- 

11- 04- 
21-03- 
01-08- 

19- 05- 
26-05- 
16-06 
16-02 

16- 06 

17- 04 
31-10 
25-04 
25-04 
25-04 

20- 09 
08-01 
08-01 
08-01 

12- 10 



2001 
2003 
1999 
■2000 
■2000 
■2000 
-2002 
-2002 
-1999 
'2003 
-2001 
-1999 
-1998 
-1999 
-1998 
-1999 
-2000 
-2003 
-1999 
-1999 
-2002 
-2002 
-2002 
-2002 
-1999 
-1999 
-2001 
-2002 
-2002 
-2001 
2000 
2000 
2000 
-2000 
-2002 
-1998 
1998 
1998 
-1999 



20-06- 
05-06- 

09- 10- 

10- 04- 
27-08- 
15-03- 
25-12- 
19-06- 
04-03 
15-03 



■2002 
-2003 
■2003 
-2001 
-2002 
-2001 
-2002 
-2002 
-2003 
-2001 



Form PCT/ISA/210 (patent family annex) (July 1992) 
BNSDOCID: <WO___2004026473A1 J_> 



page 2 of 2 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



